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Abstract 

Hepatitis C virus (HCV) is transmitted between hepatocytes via classical cell entry but also uses direct cell-cell transfer to 
infect neighboring hepatocytes. Viral cell-cell transmission has been shown to play an important role in viral persistence 
allowing evasion from neutralizing antibodies. In contrast, the role of HCV cell-cell transmission for antiviral resistance is 
unknown. Aiming to address this question we investigated the phenotype of HCV strains exhibiting resistance to direct- 
acting antivirals (DAAs) in state-of-the-art model systems for cell-cell transmission and spread. Using HCV genotype 2 as a 
model virus, we show that cell-cell transmission is the main route of viral spread of DAA-resistant HCV. Cell-cell transmission 
of DAA-resistant viruses results in viral persistence and thus hampers viral eradication. We also show that blocking cell-cell 
transmission using host-targeting entry inhibitors (HTEIs) was highly effective in inhibiting viral dissemination of resistant 
genotype 2 viruses. Combining HTEIs with DAAs prevented antiviral resistance and led to rapid elimination of the virus in 
cell culture model. In conclusion, our work provides evidence that cell-cell transmission plays an important role in 
dissemination and maintenance of resistant variants in cell culture models. Blocking virus cell-cell transmission prevents 
emergence of drug resistance in persistent viral infection including resistance to HCV DAAs. 
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Introduction 

There is accumulating evidence that viruses use different routes 
for transmission and spread in infected tissue [1,2]. A well- 
characterized example is hepatitis C virus (HCV) that is 
transmitted between hepatocytes via classical cell entry using 
cell-free diffusion but also uses direct cell-cell transfer to infect 
neighboring cells [3,4] (Figure 1A). While cell-free entry is most 
appropriate for the initiation of HCV infection, cell-cell transmis- 
sion is thought to play an important role in viral persistence and in 
the maintenance of infection [5]. A key feature of cell-cell 
transmission is its resistance to neutralizing antibodies present in 
HC V-infected individuals [4] . 

Several host factors involved in cell-free viral entry have also 
been shown to contribute to cell-cell transmission. These include 
scavenger receptor BI (SR-BI), CD81, tight junction proteins 
claudin-1 (CLDN1) and occludin (OCLN) as well as host cell 
kinase epidermal growth factor receptor (EGFR) and its signal 



transducer HRas [6-12]. HCV envelope glycoproteins are also 
essential for this process [11]. However, whereas the majority of 
monoclonal antibodies (mAbs) targeting the viral envelope fails to 
inhibit cell-cell transmission, several host-targeting entry inhibitors 
(HTEIs) have been shown to inhibit HCV cell-cell transmission 
[6-12] . _ 

Antiviral resistance remains a major challenge for the treatment 
of chronic viral infections including HCV, hepatitis B virus (HBV), 
human immunodeficiency virus (HIV) and influenza infection. 
Antiviral resistance to nucleos(t)ide analogs is a major cause of 
treatment failure in chronic HB V-infected patients [13]. Although 
the combination of antiretroviral drugs has markedly improved the 
effective control of the progression of HIV disease, the emergence 
of multidrug-resistant viruses still threatens their long-term efficacy 
[14]. The recent introduction of a first-generation protease 
inhibitor to pegylated interferon-alfa/ribavirin (PEG-IFN-a/ 
RBV) therapy has improved the outcome for HCV genotype 1- 
infected patients [15,16], but a main limitation of these 
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Author Summary 

In spite of the rapid development of antiviral agents, 
antiviral resistance remains a challenge for the treatment 
of viral infections including hepatitis B and C virus (HBV, 
HCV), human immunodeficiency virus (HIV) and influenza. 
Virus spreads from infected cells to surrounding uninfect- 
ed host cells to develop infection through cell-free and 
cell-cell transmission routes. Understanding the spread of 
resistant virus is important for the development of novel 
antiviral strategies to prevent and treat antiviral resistance. 
Here, we characterize the spread of resistant viruses and its 
impact for emergence and prevention of resistance using 
HCV as a model system. Our results show that cell-cell 
transmission is the main transmission route for antiviral 
resistant HCV strains and is crucial for the maintenance of 
infection. Monoclonal antibodies or small molecules 
targeting HCV entry factors are effective in inhibiting the 
spread of resistant HCV in cell culture models and thus 
should be evaluated clinically for prevention and treat- 
ment of HCV resistance. Combination of inhibitors target- 
ing viral entry and clinically used direct-acting antivirals 
(DAAs) prevents antiviral resistance and leads to viral 
eradication in cell culture models. Collectively, the inves- 
tigation provides a new strategy for prevention of viral 
resistance to antiviral agents. 

direct-acting antivirals (DAAs) is their low genetic barrier for 
resistance [17,18]. Next generation viral protease inhibitors, NS5A 
and polymerase inhibitors are currently being evaluated in 
combination with PEG-IFN-oc or other DAAs in IFN-free 
regimens, with or without RBV [19-26] with sofosbuvir and 
simeprevir having received FDA approval. Although newly 
developed DAAs are very effective in the majority of previously 
untreated patients, antiviral resistance as well as differences in 
virological outcomes for different genotypes and subtypes have 
been reported [24,27,28]. Furthermore, a significant number of 
patients with advanced liver disease and who are null or partial 
responders to previous therapy still do not achieve a sustained 
virological response [18,22,26,29]. 

The functional role of cell-cell transmission and spread in the 
emergence of antiviral resistance is unknown. The aim of this study 
was to assess the role of cell-cell transmission in antiviral resistance 
using HCV genotype 2 infection as a model, and to explore cell-cell 
transmission as a target to prevent and treat DAA-resistance. 

Materials and Methods 

Cell lines 

Culture of Huh7.5.1 [30], Huh7.5-GFP [11] and CD81" 
Huh7.5 cells [31] has been described. 

Antibodies and inhibitors 

CLDN1- (OM-7D3-B3) [32], SR-BI- (NK-8H5-E3) [8] and 
CD81- (QV-6A8-F2C4) [9] specific mAbs and respective control 
mAbs have been described. Erlotinib was obtained from LC 
Laboratories. Anti-HCV neutralizing antibodies (AP33 from 
Genentech and purified human anti-HCV IgG from our labora- 
tory) have been described [33,34]. Mouse/human IgG was from 
BD Bioscience and NS5A-specific mouse mAb was from Virostat. 
The E2-specific human antibody (CBH-23) was a kind gift from Dr. 
Steven Foung (Stanford University, USA) [35] . Inhibitors of HCV 
protease (telaprevir, boceprevir and simeprevir) and HCV NS5A 
(daclatasvir) were synthesized by Acme Bioscience, Inc. 



Primers 

Primers used to generate NS3 mutations: 5'-GTT GGG CTC 
TTC CGA TCA GCT GTG TGC TCT C-3' (A156S, sense), 5'- 
GAG AGC AC A CAG CTG ATC GGA AGA GCC CAA C-3' 
(A156S, antisense), 5'- CGG GGA AGT CCA AAT CAT GTC 
CAC AGT CTC TCA-3' (L36M, sense), 5'-TGA GAG ACT 
GTG GAC ATG ATT TGG ACT TCC CCG-3' (L36M, 
antisense), 5'-CGT CGT TGG GCT CTT CAA AGC AGC 
TGT GTG CTC T -3' (R155K, sense) and 5'- AGA GCA CAC 
AGC TGC TTT GAA GAG CCC AAC GAC G-3' (R155K, 
antisense). Primers used in nested PCR for direct sequencing of 
NS3 mutations: NS3 outer forward, 5'-ATC GTC TGG GGA 
GCG GAG AC-3'; NS3 outer reverse, 5'-AAT TTG CCA TAT 
GTG GAG TAC GT-3'; NS3 inner forward, 5'-ACG GCT GCA 
TGT GGG GAC AT-3'; NS3 inner reverse, 5'-GTG CTC TTT 
CCA CTG GT-3'. Primers used for amplifying and sequencing 
E1E2 mutations: 5'-TTT GCC GAC CTC ATG GGG TAC AT- 
3'; reverse, 5'-TCC GCT AAG AAG AGC AGG AAT AAG 
AGT A-3'. Primers used in nested PCR for amplifying NS5A 
cDNA fragments: NS5A outer forward, 5' -CTA CGT GAC GGA 
GTC GGA TG-3'; NS5A outer reverse, 5'-AAC TTT TCC TCT 
TCG GGG CT; NS5A inner forward, 5'-CAG CGT GTG ACC 
CAA CTA CT-3'; NS5A inner reverse, 5'-TCG GGG CTA CAG 
GGA GTT AT-3'. Primers used for sequencing NS5A region: 
TAA CTG AGG ACT GCC CCA TCC CAT, TTA AGC CCA 
ACG CAG AAC GA, CGC AGA CGT ATT GAG GTC CAT 
GCT AA. 

Production and infection of DAA-resistant cell-culture 
derived HCV (HCVcc) 

Drug-resistant individual or combined mutations were intro- 
duced in the NS3 region of the Luc-Jcl (genotype 2a/2a) and/or 
Jcl plasmid [36-38] using the QuikChange II XL site-directed 
mutagenesis kit (Stratagene) as previously described [39]. A one- 
step polymerase chain reaction (PCR) mutagenesis was performed 
using the primers as described in "Primers". Mutations NS3- 
A156S, NS3-R155K and NS3-L36M/R155K were confirmed by 
DNA sequence analysis (GATC Biotech) for the desired mutation 
and for exclusion of unexpected residue changes in the NS3 
encoding sequences. HCVcc J4/JFH1 (genotype lb/2a) and 
HCVcc J4/JFH1 NS5A-Y93H (Y2065H) have been described 
[40]. HCVcc (TCID 5() 10'VmL to 10 4 /mL) were produced as 
described [6]. Viral infection was analyzed by assessing the 
intracellular luciferase activity [6,32] or intracellular HCV RNA 
levels as described [6,32,41]. 

HCV spread assay 

Huh7.5.1 cells transfected with HCVcc Luc-Jcl or Luc-Jcl 
containing the NS3 A156S mutation were cultured with fresh 
Huh7.5.1 cells (1:1) in 24-well plates. Medium was replenished 
every 3-4 days until the end of the experiment. Cells were 
harvested at different time points and HCV infection was assayed 
in cell lysates by monitoring luciferase activity and the percentage 
of infected cells was assessed by NS5A immunostaining with flow 
cytometry over 14 days. To investigate the role of cell-cell 
transmission for viral spread and dissemination, neutralizing 
antibodies (nAbs, 25 ng/mL AP33 or 25 ug/mL anti-HCV IgG) 
potendy inhibiting cell-free entry [6,11] were added to block cell- 
free transmission until the end of the experiment (Figure IB). 

HCV cell-cell transmission assay 

Cell-cell transmission was assessed as illustrated in Figure 1C 
and described previously [6,11]. Producer Huh7.5.1 cells were 
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Figure 1. Cell culture model systems for analysis of HCV dissemination and cell-cell transmission. (A) Transmission pathways of HCV. 
HCV can disseminate through two routes of transmission: cell-free entry and cell-cell transmission. Cell-free entry is the classical pathway for initiation 
of HCV infection and requires a well-defined panel of host entry factors including SR-BI, CD81, CLDN1, OCLN and the EGFR signaling pathway [6- 
10,12]. Cell-free entry does not require cell-cell contact and is efficiently inhibited by neutralizing antibodies (nAbs). Cell-cell transmission requires 
direct cell-cell contact and is resistant to nAbs present in HCV-infected patients. Cell-cell transmission is considered to play a key role for viral spread 
and maintenance of infection [4,31]. (B) HCV spread and dissemination assay. The HCV spread assay monitors viral spread in cell cultures using a low 
number of Huh7.5.1 cells containing replicating HCVcc, which expand over a time period of 14 days [6,8]. In the absence of nAb or presence of 
control antibody the virus is transmitted by cell-cell and cell-free spread (upper panel [6,8]). Cell-free transmission can be blocked by anti-HCV nAbs 
allowing to study viral spread mediated by cell-cell transmission only (lower panel). (C) HCV cell-cell transmission assay [6,7,11]. The cell-cell 
transmission assay allows the investigation of cell-cell transmission and its inhibition by HTEIs. In this assay HCV + Huh7.5.1 producer cells containing 
replicating HCVcc (stained by an anti-NS5A antibody and indicated in red) are co-cultured with HCV~ Huh7.5 GFP target cells (indicated in green) for 
24 h in the presence of nAb blocking cell-free transmission. Flow cytometry is used to quantitate infected HCV* Huh7.5 GFP target cells (indicated by 
red and green), which are infected via cell-cell transmission and stained with anti-NS5A antibody. 
doi:1 0.1 371 /journal.ppat.1 0041 28.g001 



electroporated with HCV Jcl or J4/JFH1 RNA with DAA- 
resistant mutations and co-cultured with naive target Huh7.5-GFP 
cells in the presence of 1 or 10 u.g/mL CLDN1 -specific mAb, 
10 pM erlotinib, 10 ug/mL SR-BI-specific mAb or DMSO 
solvent/rat IgG control. A well-described pool of anti-HCV nAbs 
(anti-HCV IgG, 25 Ug/mL) [34] was added to block cell-free 
transmission. After 24 h of co-culture, cells were fixed with 1 % 
paraformaldehyde, stained with an NS5A-specific mouse antibody 
(0.1 (ig/mL) or an E2-specific human antibody (CBH-23, 1 |0.g/ 
mL) and analyzed by flow cytometry [6,11]. Dead cells and 
doublets were excluded by scatter gating and cell doublets were 
discriminated based on FSC-A and FSC-H parameters as 
described [42]. Cell-cell transmission was defined as percentage 
HCV infection of Huh7.5-GFP target cells in the presence of anti- 
HCV neutralizing Abs. 

Long-term HCV infection assay 

Huh7.5.1 cells were electroporated with Jcl RNA and seeded in 
12-well plates (10 5 cells/well). Cells were treated with control 
medium, CLDN1- or SR-BI-specific mAb (10 u,g/mL), simeprevir 
(500 nM), daclatasvir (5 nM), the combination of CLDN1- or SR- 
BI-specific mAb and simeprevir or the combination of daclatasvir 
and simeprevir. 1% DMSO medium was used during the whole 
cultivation process to transition the cells into non-dividing stage as 
described recendy [43]. Media were replenished every 3-4 days 
and HCV RNA was monitored by RT-PCR [44]. Absent HCV 
RNA quantification by RT-PCR was confirmed using the Abbott 
RealTime HCV assay (Abbott) (LOD 48 IU/mL with 250 uL 
liquid sample). 

Sequencing of HCV E1E2 envelope, NS3 protease and 
NS5A mutations 

5 uL of purified extracellular viral RNA, isolated and 
purified using QIAamp Viral RNA Mini Kit (Qiagen), was 
reverse-transcribed into cDNA (Thermo Scientific). HCV El/ 
E2, NS3 and NS5A cDNA fragments were amplified by 
nested PCR using the primers as described in "Primers". 
The PCR products were then separated on a 1 % agarose gel 
and purified using Wizard SV Gel and PCR Clean-Up 
System (Promega). The presence of predominant mutations was 
analyzed by DNA direct sequence analysis (GATC Biotech) using 
Chromas Pro Version 1.7.3 software (Technelysium Pty Ltd). To 
further identify DAA-resistant mutations in the HCV NS3 gene, 
the purified second round PCR products were ligated into a 
pGEM-T vector (Promega) and then used to transform JM 109 
competent cells for clonal selection on LB/ampicillin/IPTG/X- 
Gal plates according to the manufacturer's protocol. Plasmid 
DNA from selected clones was amplified and purified using a 
Qiagen Miniprep Kit (Qiagen) for DNA sequencing (GATC 
Biotech). 



Cell viability assays 

Cytotoxic effects on cells were assessed at the end of the long- 
term HCV infection assay by analyzing the ability of the cells to 
metabolize 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) as previously described [6]. 

Statistical analysis 

Unless otherwise stated, results are expressed as means ± stan- 
dard deviation (SD) from at least 3 independent experiments 
performed in triplicate. Statistical analyses were performed using 
Student's t-test, with a Rvalue of <0.05 being considered 
statistically significant. 

Results 

Cell-cell spread is the main route for transmission and 
dissemination of DAA-resistant viruses 

The spread of DAA-resistant viruses has an important impact 
for the development of antiviral resistance, leading to viral 
breakthrough and treatment failure. However, the role of viral 
cell-cell transmission and spread for resistance is unknown. To 
address this question, we first generated DAA-resistant viruses by 
introducing well-characterized DAA-resistance mutations in NS3 
(NS3-A156S, NS3-R155K and NS3-L36M/R155K) or NS5 
region (NS5A-Y93H) [45]. Introduction of mutations increased 
the IC 50 of telaprevir, boceprevir and daclastavir up to 10-fold 
(Figure SI and Table SI), demonstrating that these DAA-resistant 
viruses are indeed able to escape inhibition by DAAs. 

We then investigated the spread of DAA-resistant viruses using 
a recently developed state-of-the-art model for viral spread [6,8] 
which is displayed in Figure IB and described in Materials and 
Methods. As shown in Figure 2A-B, both wild-type and DAA- 
resistant (A156S) viruses efficiendy spread during the first 14 days 
after infection, despite the presence of anti-HCV nAb (AP33) 
efficiendy blocking viral entry through cell-free transmission, with 
an increase of more than 2 log 1() in their viral load. Sequence 
analysis demonstrated that DAA-resistant virus (A156S) was 
indeed the predominant variant at day 14 in the experiments 
displayed in Figure IB, D and F (data not shown). Thus, given an 
inhibition of viral entry through cell-free transmission of more 
than 95% in the presence of nAb (AP33) [6] (Figure 2G), we 
conclude that cell-cell transmission represents the main transmis- 
sion route for DAA-resistant viruses. We quantified the percentage 
of HCV positive cells at the end of the viral spread assay (Figure 3). 
The majority of the cells became HCV positive (96%/WT, 92%/ 
A156S) after 14 days of viral spread (Figure 3A-B). Although cell- 
free HCV in the supernatant was efficiently neutralized by nAb 
(anti-HCV IgG) (Figure 3C), the spread of wild-type and DAA- 
resistant HCV was still efficient in the presence of nAb (86%/WT, 
82%/A156S) (Figure 3A-B). Given the minor effect of nAbs 



PLOS Pathogens | www.plospathogens.org 



4 



May 2014 | Volume 10 | Issue 5 | e1004128 



HCV Cell-Cell Transmission and Resistance 




PLOS Pathogens | www.plospathogens.org 



5 



May 2014 | Volume 10 | Issue 5 | e1004128 



HCV Cell-Cell Transmission and Resistance 



Figure 2. The spread of DAA-resistant viruses is resistant to neutralizing antibodies against HCV but is efficiently inhibited by 
HTEIs. (A-F) DAA-resistant variant (Luc-Jc1 A156S in (B), (D) and (F)) or wild-type HCVcc (Luc-Jc1 in (A), (C) and (E)) transfected Huh7.5.1 cells and 
uninfected Huh7.5.1 cells were incubated in the presence of isotype control antibody (mouse IgG, 25 ug/ml_) (total transmission) (A-B), anti-HCV 
neutralizing antibody (anti-E2 mAb, AP33, 25 ug/mL) to block cell-free transmission (cell-cell transmission) (A-B), 1 |jJVI of telaprevir (C-D), 10 ug/mL 
of anti-CLDN1 mAb (E-F) or 10 \xM of erlotinib (E-F) 2-3 days after transfection. Different media were replenished every 3-4 days. HCV infection was 
measured by luciferase reporter gene expression in cell lysates at indicated time points as described [36]. (G) HCVcc (Luc-Jcl) was preincubated with 
cell culture medium (mock control) or control IgG (25 |ig/ml) or nAb (AP33 or anti-HCV IgG, 25 ng/ml) for 1 h and then incubated with Huh7.5.1 cells 
for 4 h at 37°C. HCV load was analyzed 72 h post-infection by luciferase activity. (H) CD81~Huh7.5 cells or Huh7.5 cells were transfected with HCV 
Luc-Jc1 and maintained in cell culture over 2 weeks. The intracellular viral load was monitored by measuring luciferase activity every 2-4 days. Means 
± SD from at least three independent experiments performed in triplicate are shown. 
doi:1 0.1 371 /journal.ppat.1 0041 28.g002 



efficiently inhibiting cell-free transmission, these data confirm that 
cell-cell transmission is the major route of viral dissemination for 
both wild-type and DAA-resistant HCV. 

HTEIs efficiently block cell-cell spread of DAA-resistant 
HCV 

We next investigated whether HTEIs inhibit total spread of 
DAA-resistant viruses. As shown in Figure 2C-F and Figure 3A-B, 
in contrast to telaprevir, which did not inhibit viral spread of the 
DAA-resistant virus, HTEIs such as CLDN1 -specific mAb and 
erlotinib markedly inhibited viral spread of wild-type and DAA- 
resistant viruses. Collectively, these data demonstrate that blocking 
the spread of DAA-resistant viruses by HTEIs is useful to prevent 
viral breakthrough caused by DAA resistance (Figures 2C-F, 3A- 
B, S2, S3 and Table 1). 

To confirm that HTEIs inhibit viral spread by inhibition of cell- 
cell transmission of DAA-resistant HCV, we applied a well- 
established cell-cell transmission assay (Figure 1C). In this assay 
HCV producer cells are co-cultured with HCV target cells for 
24 h in the presence of broadly nAbs (anti-HCV IgG) [6,8] to 
inhibit cell-free viral entry. Since anti-HCV IgG inhibited up to 
95% of HCV cell-free entry (Figure 2G and 3C), viral transmission 
thus occurs predominantly via cell-cell transfer in this assay. As 
shown in Figure 4A and 4C (left panels), HCVcc Jcl(2a/2a) NS3- 
A156S and Jcl(2a/2a) NS3-L36M/R155K are indeed efficiently 
transmitted through cell-cell transmission, and the extent of their 
spread through this route was similar to the wild-type strain (data 
not shown) [6,8], demonstrating that DAA-resistant HCVcc are 
transmitted through cell-cell transfer and thus escape circulating 
neutralizing antibodies. CLDN1 -specific mAb and erlotinib 
markedly inhibited cell-cell transmission of protease inhibitor- 
resistant viruses (Figure 4). J4/JFH1 NS5A (lb/2a) is hundreds of 
times less infectious than Jcl [46], resulting in less efficient viral 
cell-cell transmission than Jcl NS3-A156S and NS3-L36K/ 
R155K (Figure S4). Although cell-cell transmission for this strain 
was very low, the HTEIs appeared also to have a potential 
inhibitory effect on cell-cell transmission of NS5A inhibitor- 
resistant viruses (Figure S4). These results demonstrate that HTEIs 
prevent cell-cell transmission of DAA-resistant viruses in cell 
culture models. 

Viral spread through HCV host entry factors is essential 
for maintenance of persistent viral infection 

Interestingly, in Figure 2E-F, the HTEIs (CLDN 1 -specific mAb 
and erlotinib) not only inhibited viral spread, but also were capable 
of decreasing viral load 7 days after treatment with HTEIs, 
suggesting that blocking HCV cell-cell transmission impairs 
maintenance of HCV infection. To further test this hypothesis, 
we monitored HCV infection in CD81 knock-out hepatoma cells 
(CD81 Huh7.5) that are resistant to cell-free entry and only 
display minimal levels of CD81 -independent cell-cell transmission 
[11,31]. Briefly, we transfected CD81"Huh7.5 cells with HCV 



RNA (Luc-Jcl) and monitored HCV infection in the viral spread 
assay over 2 weeks. Consistent with the results shown in Figure 2E- 
F, HCV load in CD81~Huh7.5 cells gradually decreased, while it 
increased over 30 times in control CD81 -expressing Huh7.5 cells 
(Figure 2H). Collectively these results indicate that cell-cell viral 
spread is essential for maintenance of persistent HCV infection in 
cell culture models. 

Inhibition of cell-cell transmission by HTEIs prevents 
emergence of DAA-resistant variants and results in viral 
clearance 

To assess whether blocking cell-cell transmission of DAA- 
resistant variants by HTEIs impairs the emergence of viral 
resistance in cell culture models we established long-term HCV 
infection experiments using HCV-Jcl transfected Huh7.5.1 cells 
incubated in the presence of DMSO [43,47]. The incubation of 
cells in the presence of DMSO has been shown to allow studying 
virus-host interactions during long-term infection and has been 
suggested to be one of the most physiological HCV cell culture 
models based on liver-derived cell lines [43,47]. 

We chose a well-characterized protease inhibitor, simeprevir, 
which has recently received FDA approval to treat chronic 
hepatitis C, for further studies. Approximately 60% of the cells 
stained HCV-positive before initiation of treatment (Figure S5). It 
has been shown that simeprevir efficiently inhibits HCV replica- 
tion in HCV cell culture with IC 50 being below 13 nM [48]. We 
used a dose of 500 nM (>IC 90 ), which reduced viral load more 
than 1 0-fold within 3 days in HCV cell culture confirming that the 
dose is highly potent and relevant for inhibition of genotype 2 
replication (Figure 5A). As shown in Figure 5A, simeprevir 
treatment resulted in a rapid decline of the viral load initially, 
reducing the viral load of HCV-infected cells by up to 1.5 log 10 
within 5-6 days after introducing the DAA. However, viral 
rebound was observed after 2-3 weeks, with a viral load increasing 
to the same level as untreated cells in line with previous reports 
[48]. 

In contrast, treatment using an HTEI such as CLDN1- 
specific mAb (OM-7D3-B3), which has been shown to inhibit 
HCV entry in a pan-genotypic activity without displaying any 
cytotoxic effect on hepatic cells [32], led to a slow but steady 
decrease of the viral load (Figure 5A). No viral rebound was 
observed during CLDN 1 -specific mAb treatment, demonstrat- 
ing that CLDN1 as a target has a high genetic barrier to HCV 
resistance. Finally, combination of CLDN 1 -specific mAb and 
simeprevir resulted in a more rapid, efficient and sustained 
reduction in viral load than simeprevir monoexposure 
(Figure 5A). Most interestingly, during combination treatment, 
HCV RNA became undetectable by qualitative RT-PCR and 
using the clinically licensed Abbott RealTime HCV assay 
(Abbott) with a limit of detection of 48 IU/mL (Figure 5A). 
Viral load remained undetectable after withdrawal of the 
combination treatment, indicating that viral eradication was 
sustained and indeed due to the combination of entry and 
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Figure 3. Cell-cell transmission is the main transmission route for DAA-resistant viruses. The spread assay was performed as shown in 
Figure 2 with or without 25 ug/mL anti-HCV IgG to neutralize cell-free transmission of virus. The relative percentage HCV-positive cells/total cells was 
determined by immunostaining for NS5A and flow cytometry. Huh7.5.1 uninfected cells were used as a negative control ("uninfected"). (A-B) 
Percentage of wild-type (WT) (A) or DAA-resistant HCV (A156S) (B)-infected cells without treatment (mock) or in the presence of 25 ug/mL anti-HCV 
IgG (nAb), 10 |ig/ml_ anti-CLDN1 mAb or 1 uM telaprevir treatment as described in Figure 2 is shown. (C) The supernatant (SN) with or without anti- 
HCV IgG containing cell-free wild-type or A1 56S HCV was used to infect fresh Huh7.5.1 cells. The cell culture medium was taken as a negative control. 
The data are represented of three experiments. 
doi:1 0.1 371 /journal.ppat.1 0041 28.g003 



protease inhibitor (Figure 5A). According to our previous study 
and reports from others, anti-CLDNl mAb and simeprevir 
exhibit no toxicity to hepatoma cells in vitro at the concentra- 
tions used in this study [32,48]. Nevertheless, we performed 
additional experiments to exclude that toxic effects were 
responsible for decline in viral load and loss of virus. As shown 
in Table 2, MTT-based cell viability assays at the end of the 
long-term experiments showed no differences between treated 
and untreated cells. These data confirm that the clearance of 
viral infection is indeed due to HTEI treatment and not related 
to adverse effects of the compounds during long-term 
treatment. 

To further explore the development of viral resistance, we 
performed sequence analyses of viral variants at different time 
points (the start of treatment, 10 and 23 days after treatment). 
Whereas DAA-monotherapy resulted in the emergence of well- 
described NS3 resistance mutations 23 days after treatment 
(Figure 6 and 7), wild-type NS3 HCV remained the predominant 
strain in CLDN1 -specific mAb alone as well as in combination of 
CLDN1 -specific mAb and simeprevir treated cells. Although 
sequence analyses revealed some rarely occurring variants 



associated with low DAA resistance (e.g. NS3 I170T) in the 
presence of combination of CLDN1 -specific mAb and simeprevir, 
these variants were cleared at the end of the treatment as 
indicated by undetectable viral RNA (Figure 5A). These results 
demonstrate that the HTEI functionally prevents antiviral 



Table I.The CLDN1 
HCV spread. 


-specific antibody is efficient in inhibiting 




Treatment 


Percentage of HCV positive cells 


mock 


96 ±2% 


anti-CLDNl 


10±2% 


telaprevir 


20 ±3% 


daclatasvir 


15 ±3% 


The spread assay was performed as shown in Figure 3 and Figure S3. The data 
are pooled and represented as mean ± SD form three experiments performed 
in triplicate. 

doi:1 0.1 371 /journal.ppat.1 0041 28.t001 
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Figure 4. HTEIs effectively block cell-cell transmission of DAA-resistant viruses. The experimental setup is shown in Figure 1C. NS5A + HCV 
producer cells (Pi) were transfected with HCV RNA encoding for HCV Jd NS3-A156S (A-B) or Jd NS3-L36M/R155K (C-D). NS5A+ HCV producer cells 
and GFP-expressing target cells (T) were co-cultivated with nAb (anti-HCV IgG, 25 ug/mL) to block cell-free transmission as described [6]. Cell-cell 
transmission of wild-type or drug-resistant strains was determined by quantification of GFP + NS5A + target cells (Ti) by flow cytometry. Protease or 
NS5A inhibitor-resistant HCV variant producer cells (Pi) cultured with uninfected target cells (T) were then incubated with 1 ug/mL of CLDN1 -specific 
mAb or 10 uM of erlotinib or control medium. HCV-infected target cells (GFP + NS5A + ) were quantified by flow cytometry (A and C). Percentage of 
infected target cells is shown as histograms (B and D) and is represented as means ± SD from three experiments performed in triplicate. *p<0.005. 
doi:1 0.1 371 /journal.ppat.1 0041 28.g004 



resistance to DAA by impairing the spread of resistant viruses in 
cell culture models. 

To assess whether prevention of resistance is universal to 
HTEIs or compound-dependent, we performed side-by-side 
experiments using a well- characterized SR-BI-specific mAb 
NK-8H5-E3. This antibody has been shown to block efficiently 
cell-free viral entry and viral dissemination in cell culture 
models [8], Although the combination of this SR-BI-specific 
mAb and simeprevir transiently decreased viral load and 
delayed viral rebound, it did not result in viral clearance as 
observed in CLDN1 -specific mAb/simeprevir combination 
therapy (Figure 5B). Sequence analysis in cells treated with 
anti-SR-BI mAb and simeprevir revealed emergence of variants 
conferring resistance to HCV protease inhibitors (NS3 Y56H) 
[49] (data now shown) and to SR-BI inhibitors (N415D [39]) 
(Figure S6). Using direct sequencing we did not detect mutation 
G451R [50], indicating that G451R is not emerging at high 
frequency (Figure S6). These data indicate that distinct HTEIs 
have different genetic barriers for antiviral resistance and that 
the CLDN1 -specific mAb OM-7D3-B3 used in this study 
appears to have a higher genetic barrier than the SR-BI-specific 
mAb NK-8H5-E3. This SR-BI-specific antibody was less 
efficient in inhibiting HCV cell-cell transmission as compared 
to the CLDN1 -specific mAb (Figures S7 and S8), further 
confirming that an efficient inhibition of HCV cell-cell 
transmission appears to be required to prevent emergence of 
DAA-resistant virus in cell culture models. 

Finally, we also performed a long-term cell culture infection 
assay investigating a combination of two DAAs on HCV infection. 
We tested a highly potent NS5A inhibitor, daclatasvir, which has 



been shown to have potent pan-genotypic activity against HCV 
[51], first alone and then in combination with simeprevir in the 
long-term HCV infection assay. In cell culture, a concentration of 
0.1 nM has been shown to alter the subcellular localization and 
biochemical fractionation of its target NS5A [52]. The concen- 
tration of daclatasvir (5 nM) used in the experiment resulted in a 
more than 1 0-fold decrease of viral load indicating that the dose is 
below the IC 90 in this experimental setting (Figure 5C). However, 
during long-term treatment the viral load rebounded to the level of 
the untreated cells at day 3 1 with emergence of the DAA-resistant 
NS5A mutation, Y93H (Table 3). Furthermore, in contrast to the 
combination of an HTEI and a protease inhibitor simeprevir, the 
combination of daclatasvir and simeprevir (at concentrations > 
ICgo) failed to eradicate HCV genotype 2 infection in Huh7.5.1 
cells and HCV load rebounded from day 45 on with emergence of 
DAA-resistant mutations in both NS3 and NS5A regions 
(Figure 5C and Table 3). 

Taken together, these data indicate that blocking virus cell-cell 
transmission by an HTEI prevents emergence of drug resistance to 
DAAs. 

Discussion 

Although the development of DAAs has greatly improved the 
outcome of chronic hepatitis C patients, viral resistance to DAAs is 
still a challenge impeding treatment success. In this study, we 
demonstrate that HCV strains which are resistant to DAAs 
predominantly disseminate using cell-cell transmission and show 
that effective blockade of cell-cell transmission using HTEIs 
prevents viral resistance resulting in rapid virus elimination. 
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Figure 5. Addition of HTEIs to DAA prevents the emergence of DAA-resistant variants. (A) Huh7.5.1 cells were transfected with RNA 
encoding wild-type HCV Jc1 and plated in the presence of 1% DMSO and treated with anti-CLDNI mAb (10 |ig/mL), simeprevir (500 nM) alone or in 
combination with anti-CLDN1 mAb (1 0 ^ig/mL) or in the absence of treatment (CTRL). The combination treatment was stopped on day 51 while anti- 
CLDNI mAb and simeprevir in monotherapy continued until day 58. Viral load was assessed by RT-PCR every 3-4 days. The limit of quantification 
(LOQ), indicated by a dashed line, was 10 3 copies/mL. The experiment was performed in triplicate and repeated twice. Among the detected triplicate 
samples, one out of three was HCV RNA negative on day 27 (empty circle under the LOQ), two out of three negative on day 30 (empty circles under 
the LOQ), three out of three negative from day 37 on. The undetectable HCV load from day 40 was confirmed by a clinically licensed HCV RNA 
detection assay, the Abbott RealTime HCV assay (Abbott), and is indicated by a star (LOD of Abbott q RT-PCR is 48 lU/mL with 250 ul liquid sample). 
(B) A similarly designed experiment was performed using anti-SR-BI mAb NK-8H5-E3 instead of anti-CLDN1 mAb. (C) Combination of daclatasvir and 
simeprevir fails to clear HCV genotype 2 infection. Using the same assay as described above, the cells were treated with 5 nM daclatasvir, 500 nM 
simeprevir, combination of 5 nM daclatasvir and 500 nM simeprevir or mock (CTRL). Viral load was assessed by RT-PCR every 3-4 days. Means ± SD 
from a representative experiment performed in triplicate are shown. 
doi:1 0.1 371 /journal.ppat.1 0041 28.g005 



The ability of a virus to spread within a host is a key determinant 
of its persistence and virulence. While cell-free entry is important for 
initiation of infection by virions entering the liver through the 
bloodstream, HCV dissemination within the liver and establishment 
of chronic HCV infection may mainly occur by direct cell-cell 
transmission between adjacent hepatocytes [4] . Although differenc- 
es in the ability of diverse HCV genotypes to spread via cell-free and 
cell-cell transmission have been observed [3], cell-cell transmission 
appears to serve as an important route of transmission for most 
genotypes [3,12]. While cell-cell transmission has been shown to be 
relevant for viral evasion from host neutralizing antibodies [6] , our 
data indicate that the spread of DAA-resistant HCV through cell- 
cell transmission facilitates viral evasion and may contribute to 
treatment failure. Blocking cell-cell transmission improves antiviral 
activity of DAAs in cell culture models. 

Functional results obtained in cell culture and animal models 
demonstrate strong evidence that cell-cell transmission also plays 
a relevant role in dissemination of several viruses including HIV, 
herpes simplex virus (HSV), measles virus or human T- 
lymphotropic virus type 1 (HTLV-1) [1,2]. Indeed, cell-cell 
transmission has been described to spread resistance to antiret- 
roviral drugs in HIV infection [53,54]. Discovery of a novel HBV 
entry factor [55] will allow to investigate whether cell-cell 
transmission plays a role in HBV transmission. Thus, this study 
may provide a novel concept to prevent viral resistance in 
treatment of other viruses. 

By interfering with cell-cell transmission (Figure 4), HTEIs are 
able to prevent the development of antiviral resistance as shown by 
the absence of functional resistance in cells treated with a 
combination of DAA and HTEI (Figure 5A). Most importantly, 



when added to a DAA, an HTEI allowed rapid and efficient viral 
clearance as shown by repeatedly confirmed absence of HCV 
RNA using a highly sensitive and clinically licensed commercial 
assay (Figure 5A). Since our data indicate that the main 
transmission route of DAA-resistant variants is direct cell-cell 
spread (Figure 2 and Figure 3), we assume that the preventive 
effect of HTEIs is mainly due to their effect on this mode of 
transmission. Taken together, these data indicate that blocking 
viral cell-cell transmission enhances antiviral activity of DAAs and 
prevents DAA-resistance in cell culture models as shown for HCV 
genotype 2 infection as an example. 

It has been discovered that cell-cell transmission of HIV is 
resistant to DAAs and may lead to therapy failure [53]. Here, 
we show that HCV cell-cell spread exists in the presence of 
DAAs in cell culture models (Figure 3). Furthermore, our data 
demonstrate evidence that HTEIs have differences in their 
genetic barrier to resistance. Indeed, whereas treatment with 
CLDN1 -specific OM-7D3-B3 mAb resulted in viral clearance 
without functional evidence for resistance (Figure 5A), SR-BI- 
specific NK-8H5-E3 mAb resulted in the development of 
resistant variants apparently escaping anti-SR-BI treatment 
(Figure 5B). Resistance has been described for a small molecule 
SR-BI antagonist [39]. Furthermore, a recent study elegantly 
demonstrated that HCV can lose SR-BI-dependence for cell- 
cell spread [10]. Together with the findings observed for SR- 
Bl-specific mAb NK-8H5-E3, our data demonstrate that 
defined SR-BI-targeting compounds appear to have a lower 
genetic barrier for resistance than other HTEIs such as 
CLDN1 -targeting compounds. This may be due to the fact 
that CLDN1 is an essential factor for cell-cell transmission 



Table 2. Absent toxicity in Huh7.5.1 cells treated with an HTEI and/or a DAA or 2 DAAs. 



Treatment 


Treatment duration (days) 


Concentration 


Relative cell viability (%) 


mock 


60 


N/A 


100±9 


anti-CLDNI 


60 


10 |ig/ml 


123±7 


anti-SR-BI 


60 


10 |ig/ml 


93±1 


simeprevir 


60 


500 nM 


99±5 


daclatasvir 


50 


5 nM 


102±8 


anti-CLDN1+ simeprevir 


60 


10 |ig/ml, 500 nM 


133±6 


anti-SR-BI+ simeprevir 


60 


10 |ig/ml, 500 nM 


92±9 


daclatasvir + simeprevir 


50 


5 nM, 500 nM 


107±11 


flavopiridol 


3 


10 uM 


20±6 



Cytotoxic effect on Huh7.5.1 cells in the long-term HCV infection assay (Figure 5) were assessed by analyzing the ability to metabolize MTT as described in Materials and 
Methods. 10 uM flavopiridol was used as a positive control. Data are presented as relative cell viability compared to cells cultured in the absence of compounds. Mean 
± SD from one representative experiment performed in triplicate are shown. 
doi:1 0.1 371 /joumal.ppat.1 0041 28.t002 
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Figure 6. Analysis of DAA-resistant mutations emerged during treatment protocols by direct sequencing. In the long-term HCV 
infection assay shown in Figure 5A, HCV RNA in the supernatants from different treatments was purified on day 23. Direct sequencing was performed 
to identify predominant viral mutations in HCV NS3 protease region as described in Materials and Methods. Data are displayed as NS3 amino acid 
sequence in treated cells. 
doi:1 0.1 371 /journal.ppat.1 0041 28.g006 



whereas SR-BI may be bypassed by other entry factors [10]. 
Although accessory receptors CLDN6 and 9 have been 
suggested to confer partial escape from CLDN1 -targeting 
agents for certain isolates in Huh7.5 cells [56], escape could 
not be confirmed in primary human hepatocytes where 
expression of CLDN6 and 9 is very low [57]. 

A theoretical drawback of using HTEIs instead of DAAs as 
antivirals is their potential higher toxicity in vivo given these 
molecules target host factors and not viral factors. Nevertheless, it 
has to be pointed out that the development of several DAAs 
targeting HCV proteins had to be stopped due to adverse effects 
[5] . Moreover, it's worth noting that the majority of current drugs 
widely used for metabolic or inflammatory diseases or cancer, 
targets host proteins [5]. The preliminary data obtained in this 
study suggest that the combination of HTEIs and DAAs does not 
result in detectable toxicity in cell-based assays (Table 2). 
Furthermore, HTEIs targeting SR-BI or EGFR have been shown 
to have an acceptable clinical safety profile in inflammatory 
disease and cancer [58,59]. 

Collectively, our findings are not only relevant for the under- 
standing of antiviral resistance but may also be of interest for the 
development of future HCV therapies. For null or partial 
responders and difficult-to-treat patients with co-morbidity or 
defined genotypes, there is an unmet medical need for improved 
antiviral regimens [20]. Compared to the various combinations of 
DAAs of different classes which are currentiy evaluated in late stage 
clinical development and expected to receive regulatory approval 
soon, the combination of DAAs with an HTEI with a high genetic 
barrier provides a novel strategy for prevention of antiviral 
resistance in difficult-to-treat patients where viral breakthroughs 
drive therapy failure [18,26] or future patients exhibiting multire- 
sistance to various DAA combination therapies [18,26]. 



Indeed, this hypothesis is supported by our results of long-term 
experiments in cell culture showing that the combination of an 
HTEI and a DAA cured persistent HCV genotype 2a infection. 
Since a similar NS3 protease/NS5A inhibitor DAA combination 
failed to clear HCV genotype 2a and 2b infection in an HCV 
animal model in vivo [60] and viral resistance has been observed for 
DAAs in particular for genotype 2 and 3 in randomized clinical 
trials (for review see [26]), our data suggest that the antiviral strategy 
described in this study may address limitations of DAAs in particular 
for non-genotype 1 infections. Since our proof-of-concept study is 
based on an HCV genotype 2a viral construct, future studies are 
needed to investigate its relevance for other genotypes. 

In this regard it is of interest to note that small molecule HTEIs 
are currently investigated as monotherapy in randomized clinical 
trials [6 1] (erlotinib: University of Strasbourg Hospitals, Clinical- 
Trials.gov Identifier NCT0 1835938) and novel inhibitors of HCV 
cell-cell transmission are also in preclinical development [62] . Our 
study provides evidence and directions for their future application 
in HCV treatment. 

Finally, our results have implications for the treatment of other 
viral infections. As targeting the host is an emerging strategy to 
overcome resistance [63,64], blocking cell-cell transmission by 
HTEIs provides a novel perspective for fighting a wide range of 
viral infections including HIV, measles virus or HTLV-1 infection 
where cell-cell transmission has been suggested to play a role in 
transmission [1,2,53]. 

Accession numbers/ID numbers 

The amino acid sequence of HCV polyprotein [recombinant 
Hepatitis C virus J6/JFH1] has been previously deposited in 
NCBI under access number AEB71614.1. The access numbers of 
human CD81, CLDN1, SR-BI, OCLN, EGFR, HRas and IFN-oc 
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anti-CLDN1 




□ WT(21) 

□ NS3 E32K (1) 

□ NS3V71A(1) 
■ NS3 P96S(1) 

□ NS3 T134A(1) 




□ WT (26) 

□ NS3 S40F+S87N (1) 

■ NS3 S40F+R177G (2) 

■ NS3 T63A (1) 

□ NS3 V71A (1) 

■ NS3 D81G (1) 
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■ NS3 R147K(1) 



simeprevir 



D 



simeprevir + anti-CLDN1 




OWT (4) 

■ NS3 D168V (26) 

■ NS3 S87N + D168V (1) 

■ NS3 F43V+D168V (1) 

■ NS3 F43L+D168V (1) 

■ NS3 Y56H+D168V (1) 

■ NS3 D168A (1) 

□ NS3 I170T (1) 

□ NS3 N61S(1) 




□ WT(18) 

□ NS3 I13P (1) 

■ NS3 S20G (1) 

■ NS3 R24Q+S40F (1) 

□ NS3 G31V (1) 

■ NS3 E79G (3) 

■ NS3 E79G+K136R (1) 

■ NS3 E79G+G66S (1) 

□ NS3G124R (1) 

■ NS3 C159R(1) 

■ NS3 D168Y+T91A (1) 

■ NS3 D168Y+C159R+I170T (1) 

■ NS3 T4S+S40F+I170T (1) 

□ NS3F43V (1) 



Figure 7. Mutational analysis of viral variants with treatment of protease inhibitors or/and HTEIs in the long-term HCV infection 

assay. Clonal sequencing of HCV NS3 mutations in simeprevir monotherapy and the combination of simeprevir and anti-CLDN1 mAb. To further 
identify simeprevir induced DAA-resistance mutations, HCV RNA from (A) mock (CTRL), (B) 10 |jg/mL anti-CLDNI mAb, (C) 500 nM simeprevir or (D) 
500 nM simeprevir +10 ug/mL anti-CLDNI mAb treatment on day 23 as shown in Figure 5A and 6 was isolated and amplified as described in 
Materials and Methods. Following cloning and sequencing of the NS3 protease region, the relative distribution of viral variants (wild-type (WT) and 
NS3 mutations listed in a clockwise order beside the pie charts) was analyzed and is indicated in different shades of grey in the pie charts. The major 
DAA-resistance mutation, D168V, is highlighted in blue and WT is in light grey. For each variant, the number of detected clones is indicated in the 
parenthesis. 

doi:1 0.1 371 /journal.ppat.1 0041 28.g007 



are NPJ304347.1, claudin-1 NP_066924, NP_005496.4, 
AAB00195.1, AAB19486.2 and CAG47067.1 and AAA52724.1, 
respectively. The nucleotide sequence of complete genome of 
recombinant hepatitis C virus J6/JFH1 has been previously 
deposited in GenBank under access number JF343793. 1 



Supporting Information 

Figure SI Functional characterization of protease in- 
hibitor-resistant viruses in HCV infection and their 
sensitivity to DAAs and HTEIs. Huh7.5.1 cells were pre- 



Table 3. Analysis of NS3A and NS5A mutations during DAA monotherapy or treatment with a combination of DAAs. 





Treatment 


Treatment duration (days) 


NS3A sequence 


NS5A sequence 


mock 


31 


WT 


WT 


daclatasvir 


31 


WT 


Y93H 


simeprevir 


31 


Q29H, D168A/V 


WT 


simeprevir+ daclatasvir 


45 


L36V, E79A, Y56H, D168A/E/V 


C92S, Y93H 



In the long-term HCV infection experiment shown in Figure 5C, HCV RNA in the supematants from different treatments was purified on day 31 and day 45. Direct 
sequencing was performed to identify predominant viral mutations in HCV NS3 and HCV NS5A regions as described in Materials and Methods. 
doi:1 0.1 371 /joumal.ppat.1 0041 28.t003 
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incubated for 1 h with serial concentrations of (A) telaprevir, (B) 
boceprevir, (C) GLDN1 -specific mAb, (D) CD81 -specific mAb, (E) 
erlotinib, (F) SR-BI-specific mAb (NK-8H5-E3), (G) daclatasvir, 
(H) CLDNl-specific mAb or respective control reagents before 
incubation with HC Vcc-Jc 1 -Luc containing the DAA-resistant 
mutations NS3-A156S (A, C and E), NS3-R155K (B, D and F) or 
NS5-Y93H (G and H), respectively in the presence of each 
compound. HCV infection was analyzed 72 h post-infection by 
luciferase reporter gene expression in cell lysates as described in 
Materials and Methods. Means ± standard error of the means 
(SEM) from at least three independent experiments performed in 
triplicate are shown. 
(TIF) 

Figure S2 Reduction of HCV load by the CLDNl- 
specific antibody and daclatasvir in viral spread assay. 

Daclatasvir (0.5 nM) or anti-CLDNl mAb (10 ug/mL) was used 
in HCV spread assay as described in Materials and Methods as 
well as in Figure 2. The intracellular viral load was monitored by 
measuring luciferase activity every 3-4 days. Means ± SD from 
one representative experiment performed in triplicate are shown. 
(TIF) 

Figure S3 Control of HCV spread by the CLDNl- 
specific antibody and daclatasvir. As described in Materials 
and Methods as well as in Figure 3, the relative percentage HCV- 
positive cells/total cells at day 14 from the experiments shown in 
Figure S2 was determined by immunostaining for NS5A and flow 
cytometry. Uninfected Huh7.5.1 cells were used as a negative 
control ("uninfected") (A). Percentage of wild-type HCV-infected 
cells without treatment (mock) (B) or in the presence of anti- 
CLDNl mAb (C) or daclatasvir (D) was shown. One representa- 
tive experiment out of three independent experiments is shown. 
(TIF) 

Figure S4 Cell-cell transmission of NS5A inhibitor- 
resistant viruses and effect of HTEIs. vl Ug/mL of 
CLDNl-specific mAb or 10 uM of erlotinib was used in the cell- 
cell transmission assay established with HCV RNA encoding for 
HCVJ4/JFH1 NS5A-Y93H as described in Materials and Methods 
as well as in Figure 4. (A) HCV-infected target cells (GFP+NSSA*) 
were quantified by flow cytometry. (B) Percentage of infected target 
cells is shown as histograms and is represented as means ± SD from 
three experiments performed in triplicate. */><0.005. 
(TIF) 

Figure S5 Percentage of HCV-positive cells at the 
initiation of treatment in the long-term HCV infection 

assay. (A) The uninfected Huh7.5.1 cells were taken as a negative 
control. (B) The relative percentage of HCV (Jcl)-positive cells/ 
total cells was determined as described in Materials and Methods 
as well as in Figure 3. 
(TIF) 

Figure S6 Analysis of E1E2 mutations emerging during 
treatment with the SR-BI-specific antibody. In Figure 5B, 

References 

1. Zhong P, Agosto LM, Munro JB, Mothes W (2013) Cell-to-cell transmission of 
viruses. Gurr Opin Virol 3: 44—50. 

2. Sattcntau Q_(2008) Avoiding the void: cell-to-cell spread of human viruses. Nat 
Rev Microbiol 6: 815-826. 

3. Meredith LW, Harris HJ, Wilson GK, Fletcher NF, Balfe P, ct al. (2013) Early 
infection events highlight the limited transmissibility of hepatitis C virus in vitro. 
J Hepatol 58: 1074-1080. 

4. Timpe JM, Stamataki Z, Jennings A, Hu K, Farquhar MJ, ct al. (2008) Hepatitis 
C virus cell-cell transmission in hepatoma cells in the presence of neutralizing 
antibodies. Hepatology 47: 17-24. 



HCV RNA in the supernatants from the SR-BI-specific antibody- 
treated or mock-treated cells was purified on day 47. Direct 
sequencing was performed to identify viral mutation(s) in HCV 
E1E2 region and the sequence of Jcl construct as described in 
Materials and Methods. The sequence of HCV core, El and E2 
was shown. Mutation N415D is indicated with a star. 
(TIF) 

Figure S7 The CLDNl-specific antibody is more effec- 
tive than the SR-BI-specific antibody in controlling HCV 
spread. Anti-CLDNl mAb (10 Ug/mL) or SR-BI mAb (10 Ug/ 

mL) was used in the spread assay as described in Materials and 
Methods as well as in Figure 2. The intracellular viral load was 
monitored by measuring luciferase activity every 3-4 days. Means 
± SD from one representative experiment performed in triplicate 
are shown. 
(TIF) 

Figure S8 The CLDNl-specific antibody is more effec- 
tive than the SR-BI-specific antibody in inhibiting HCV 
cell-cell transmission. Cell-cell transmission assay is described 
in the Materials and Methods as well as in Figure 4. An anti-E2 
human antibody (CBH-23) was used to stain HCV-positive cells in 
the presence of anti-SR-BI mAb. (A) Rat or (B) mouse IgG was 
used as control for (C) the CLDNl-specific antibody (10 ug/mL) 
or (D) the SR-BI-specific antibody (10 ug/mL), respectively. (E) 
Percentage of infected target cells is shown as histograms and is 
represented as mean ± SD from three experiments performed in 
triplicate. *p<0.005. 
(TIF) 

Table SI Functional characterization of DAA-resistant 
viruses in HCV infection and their sensitivity to HTEIs. 

In the experiment shown in Figure SI, IC 50 was calculated. Means 
± SD from at least three independent experiments performed in 
triplicate are shown. 
(DOC) 

Acknowledgments 

We thank Dr. R. Bartenschlager (University of Heidelberg, Germany) for 
providing Luc-Jc 1 plasmid for production of HCVcc, Dr. F. V. Chisari 
(The Scripps Research Institute, USA) for Huh7.5.1 cells, Dr. C. M. Rice 
(The Rockefeller University, USA) for Huh7.5 cells, CD8U Huh7.5 cells 
and Jcl plasmid and Dr. S. Foung (Stanford University, USA) for the gift of 
the E2-specific human mAb, respectively. We thank Dr. E. Robinet 
(Inserm U1110 and IHU Strasbourg) for helpful discussions and Dr. S. 
Fafi-Krcmer (Laboratoire dc Virologie) for providing HCV viral load 
analyses using the Abbott RcalTime HCV assay. 

Author Contributions 

Conceived and designed the experiments: TFB FX IF. Performed the 
experiments: FX IF LH ES. Analyzed the data: FX IF LH HB ES FH MD 
MBZ TFB. Contributed reagents/materials/ analysis tools: JB AHP. Wrote 
the paper: FX IF MBZ TFB. 



5. Zeisel MB, Lupberger J, Fofana I, Baumcrt TF (2013) Host-targeting agents for 
prevention and treatment of chronic hepatitis G - perspectives and challenges. 
J Hepatol 58: 375-384. 

6. Lupberger J, Zeisel MB, Xiao F, Thumann C, Fofana I, ct al. (201 1) EGFR and 
EphA2 are host factors for hepatitis C virus entry and possible targets for 
antiviral therapy. Nat Med 17: 589-595. 

7. Zona L, Lupberger J, Sidahmed-Adrar N, Thumann C, Harris HJ, ct al. (2013) 
HRas signal transduction promotes hepatitis C virus cell entry by triggering 
assembly of the host tctraspanin receptor complex. Cell Host Microbe 13: 302-3 
13. 



PLOS Pathogens | www.plospathogens.org 



13 



May 2014 | Volume 10 | Issue 5 | e1004128 



HCV Cell-Cell Transmission and Resistance 



8. Zahid MN, Turek M, Xiao F, Dao Thi VL, Guerin M, et al. (2013) The 
postbinding activity of scavenger receptor class B type I mediates initiation of 
hepatitis C virus infection and viral dissemination. Hepatology 57: 492-504. 

9. Fofana I, Xiao F, Thumann C, Turek M, Zona L, et al. (2013) A novel 
monoclonal anti-CD8 1 antibody produced by genetic immunization 
efficiently inhibits Hepatitis C virus cell-cell transmission. PLoS One 8: e642 
21. 

10. Catanese MT, Loureiro J, Jones CT, Dorner M, von Hahn T, et al. (2013) 
Different requirements for scavenger receptor class B type I in hepatitis C virus 
cell-free versus cell-to-cell transmission. J Virol 87: 8282—8293. 

11. Witteveldt J, Evans MJ, Bitzegeio J, Koutsoudakis G, Owsianka AM, et al. 
(2009) GD81 is dispensable for hepatitis G virus cell-to-cell transmission in 
hepatoma cells. J Gen Virol 90: 48-58. 

12. Bnmaeombe CL, Grove J, Meredith LW, Hu K, Syder AJ, et al. (2011) 
Neutralizing antibody-resistant hepatitis C virus cell-to-cell transmission. J Virol 
85: 596-605. 

13. Kwon H, Lok AS (201 1) Hepatitis B therapy. Nat Rev Gastroenterol Hepatol 8: 
275-284. 

14. Trono D, Van Lint C, Rouzioux C, Verdin E, Barrc-Sinoussi F, et al. (2010) 
HIV persistence and the prospect of long-term drug-free remissions for HIV- 
infected individuals. Science 329: 174-180. 

15. McHutchison JG, Manns MP, Muir AJ, Terrault NA, Jacobson IM, et al. (2010) 
Telaprevir for previously treated chronic HCV infection. N Engl J Med 362: 
1292-1303. 

16. Poordad F, McCone J, Jr., Bacon BR, Bruno S, Manns MP, et al. (2011) 
Boceprevir for untreated chronic HCV genotype 1 infection. N Engl J Med 364: 
1195-1206. 

17. Rong L, Dahari H, Ribeiro RM, Perelson AS (2010) Rapid emergence of 
protease inhibitor resistance in hepatitis C virus. Sci Transl Med 2: 30ra32. 

18. Lange CM, Zeuzem S (2013) Perspectives and challenges of interferon-free 
therapy for chronic hepatitis C.J Hepatol 58: 583-592. 

19. PawlotskyJM (2013) Treatment of chronic hepatitis C: current and future. Gurr 
Top Microbiol Immunol 369: 321-342. 

20. Sarrazin C, Hezode C, Zeuzem S, PawlotskyJM (2012) Antiviral strategies in 
hepatitis G virus infection. J Hepatol 56 Suppl 1: S88-100. 

21. Lok AS, Gardiner DF, Lawitz E, Martorell G, Everson GT, et al. (2012) 
Preliminary study of two antiviral agents for hepatitis C genotype 1 . N Engl J Med 
366: 216-224. 

22. Jacobson IM, Gordon SC, Kowdley KV, Yoshida EM, Rodriguez -Torres M, et 
al. (2013) Sofosbuvir for hepatitis C genotype 2 or 3 in patients without 
treatment options. N Engl J Med 368: 1867-1877. 

23. Ganc EJ, Stedman CA, Hyland RH, Ding X, Svarovskaia E, et al. (2013) 
Nucleotide polymerase inhibitor sofosbuvir plus ribavirin for hepatitis C . N Engl 
J Med 368: 34-44. 

24. Poordad F, Lawitz E, Kowdley KV, Cohen DE, Podsadecki T, et al. (2013) 
Exploratory study of oral combination antiviral therapy for hepatitis G. N EnglJ 
Med 368: 45-53'. 

25. Trembling PM, Tanwar S, Rosenberg WM, Dusheiko GM (2013) Treatment 
decisions and contemporary versus pending treatments for hepatitis C. Nat Rev 
Gastroenterol Hepatol 10: 713-728. 

26. Liang TJ, Ghany MG (2013) Current and future therapies for hepatitis C virus 
infection. N EnglJ Med 368: 1907-1917. 

27. Soriano V, Vispo E, Poveda E, Labarga P, Barreiro P (2012) Treatment failure 
with new hepatitis C drugs. Expert Opin Pharmacother 13: 313—323. 

28. Gottwein JM, Jensen SB, Li YP, Ghanem L, Sehecl TK, et al. (2013) 
Combination treatment with hepatitis C virus protease and NS5A inhibitors is 
effective against recombinant genotype la, 2a, and 3a viruses. Antimicrob 
Agents Chemother 57: 1291-1303. 

29. Hezode C, Fontaine H, Donval C, Larrey D, Zoulim F, et al. (2013) Triple 
therapy in treatment-experienced patients with HCV-cirrhosis in a multicentre 
cohort of the French Early Access Programme (ANRS CO20-CUPIC) - 
NCT01514890. J Hepatol 59: 434-441. 

30. ZhongJ, Gastaminza P, Cheng G, Kapadia S, Kato T, et al. (2005) Robust 
hepatitis G virus infection in vitro. Proc Natl Acad Sci USA 102: 9294-9299. 

31. Jones CT, Catanese MT, Law LM, Khetani SR, Syder AJ, et al. (2010) Real- 
time imaging of hepatitis C virus infection using a fluorescent cell-based reporter 
system. Nat Biotechnol 28: 167-171. 

32. Fofana I, Krieger SE, Grunert F, Glauben S, Xiao F, et al. (2010) Monoclonal 
anti-claudin 1 antibodies prevent hepatitis G virus infection of primary human 
hepatocytes. Gastroenterology 139: 953-964, 964 c95 1—954. 

33. Owsianka A, Tarr AW, Juttla VS, Lavillette D, Bartosch B, et al. (2005) 
Monoclonal antibody AP33 defines a broadly neutralizing epitope on the 
hepatitis G virus E2 envelope glycoprotein. J Virol 79: 11095—11104. 

34. Fofana I, Fafi-Kremer S, Carolla P, Fauvelle C, Zahid MN, et al. (2012) 
Mutations that alter use of hepatitis C virus cell entry factors mediate escape 
from neutralizing antibodies. Gastroenterology 143: 223-233 c229. 

35. Keck ZY, XiaJ, Wang Y, Wang W, Krey T, et al. (2012) Human monoclonal 
antibodies to a novel cluster of conformational epitopes on HCV E2 with 
resistance to neutralization escape in a genotype 2a isolate. PLoS Pathog 8: 
el002653. 

36. Koutsoudakis G, Kaul A, Steinmann E, Kallis S, Lohmann V, et al. (2006) 
Characterization of the early steps of hepatitis C virus infection by using 
luciferase reporter viruses. J Virol 80: 5308-5320. 



37. Pietsehmann T, Kaul A, Koutsoudakis G, Shavinskaya A, Kallis S, et al. (2006) 
Construction and characterization of infectious intragenotypie and 
intcrgenotypic hepatitis C virus chimeras. Proc Natl Acad Sci USA 103: 
7408-7413. 

38. Wakita T, Pietsehmann T, Kato T, Date T, Miyamoto M, et al. (2005) 
Production of infectious hepatitis G virus in tissue culture from a cloned viral 
genome. Nat Med 11: 791-796. 

39. Zhu H, Wong-Staal F, Lee H, Syder A, McKelvy J, et al. (2012) Evaluation of 
1'1'X 5061, a scavenger receptor Bl antagonist: resistance selection and activity 
in combination with other hepatitis C virus antivirals. J Infect Dis 205: 656-662. 

40. Scheel TK, Gottwein JM, Mikkelsen LS, Jensen TB, Bukh J (2011) 
Recombinant HCV variants with NS5A from genotypes 1-7 have different 
sensitivities to an NS5A inhibitor but not interferon-alpha. Gastroenterology 
140: 1032-1042. 

41. Zeisel MB, Koutsoudakis G, Schnober EK, Haberstroh A, Blum HE, et al. 
(2007) Scavenger receptor class B type I is a key host factor for hepatitis C virus 
infection required for an entry step closely linked to CD81. Hepatology 46: 
1722-1731. 

42. Kuonen F, Touvrey C, LaurentJ, Rucgg C (2010) Fc block treatment, dead cells 
exclusion, and cell aggregates discrimination concur to prevent phenotypical 
artifacts in the analysis of subpopulations of tumor-infiltrating CDllb(+) 
myelomonocytic cells. Cytometry A 77: 1082-1090. 

43. Sainz B, Jr., Chisari FV (2006) Production of infectious hepatitis C virus by well- 
differentiated, growth-arrested human hepatoma-dcrived cells. J Virol 80: 
10253-10257. 

44. Pietsehmann T, Zayas M, Meuleman P, Long G, Appel N, et al. (2009) 
Production of infectious genotype lb virus particles in cell culture and 
impairment by replication enhancing mutations. PLoS Pathog 5: cl000475. 

45. PawlotskyJM (201 1) Treatment failure and resistance with direct- acting antiviral 
drug's against hepatitis G virus. Hepatology 53: 1742—1751. 

46. Gottwein JM, Scheel TK, Jensen TB, LademannJB, Prentoe JC, ct al. (2009) 
Development and characterization of hepatitis C virus genotype 1-7 cell culture 
systems: role of CD81 and scavenger receptor class B type I and effect of 
antiviral drugs. Hepatology 49: 364-377. 

47. Bauhofer O, Ruggicri A, Schmid B, Schirmachcr P, Bartenschlagcr R (2012) 
Persistence of HCV in quiescent hepatic cells under conditions of an intcrferon- 
induccd antiviral response. Gastroenterology 143: 429—438 c428. 

48. Lenz O, Verbinnen T, Lin TI, Vijgen L, Cummings MD, et al. (2010) In vitro 
resistance profile of the hepatitis C virus NS3/4A protease inhibitor TMC435. 
Antimicrob Agents Chemother 54: 1878-1887. 

49. Bartolini B, Giombini E, Zaccaro P, Selleri M, Rozera G, et al. (2013) Extent of 
HCV NS3 protease variability and resistance-associated mutations assessed by 
next generation sequencing in HCV monoinfeeted and HIV/HCV coinfcctcd 
patients. Virus Res 177: 205-208. 

50. Grove J, Nielsen S, Zhong J, Basscndinc MF, Drummer HE, et al. (2008) 
Identification of a residue in hepatitis C virus E2 glycoprotein that determines 
scavenger receptor BI and CD81 receptor dependency and sensitivity to 
neutralizing antibodies. J Virol 82: 12020-12029. 

51. PawlotskyJM (2013) NS5A inhibitors in the treatment of hepatitis C.J Hepatol 
59: 375-382. 

52. Lee C, Ma H, Hang JQ, Leveque V, Sklan EH, ct al. (201 1) The hepatitis C 
virus NS5A inhibitor (BMS-790052) alters the subcellular localization of the 
NS5A non-structural viral protein. Virology 414: 10—18. 

53. Sigal A, KimJT, Balazs AB, Dekel E, Mayo A, et al. (201 1) Ccll-to-ccll spread of 
HIV permits ongoing replication despite antiretroviral therapy. Nature 477: 95- 
98. 

54. Abela IA, Berlinger L, Schanz M, Reynell L, Gunthard HF, et al. (2012) Cell- 
cell transmission enables HIV-1 to evade inhibition by potent CD4bs directed 
antibodies. PLoS Pathog 8: el 002634. 

55. Yan H, Zhong G, Xu G, He W, Jing Z, et al. (2012) Sodium taurocholate 
cotransporting polypeptide is a functional receptor for human hepatitis B and D 
virus. cLifc 1: e00049. 

56. Haid S, Grethe C, Dill MT, Heim M, Kaderali L, et al. (2014) Isolate-dependent 
use of Claudins for cell entry by hepatitis G virus. Hepatology 59: 24—34. 

57. Fofana I, Zona L, Thumann C, Hcydmann L, Durand SC, et al. (2013) 
Functional analysis of claudin-6 and claudin-9 as entry factors for hepatitis C 
virus infection of human hepatocytes by using monoclonal antibodies. J Virol 87: 
10405-10410. 

58. Masson D, Koseki M, Ishibashi M, Larson CJ, Miller SG, et al. (2009) Increased 
HDL cholesterol and apoA-I in humans and mice treated with a novel SR-BI 
inhibitor. Arterioscler Thromb Vase Biol 29: 2054-2060. 

59. Cataldo VD, Gibbons DL, Pcrez-Solcr R, Quintas-Cardama A (2011) 
Treatment of non-small-ccll lung cancer with erlotinib or gefitinib. 
N EnglJ Med 364: 947-955. 

60. Shi N, Hiraga N, Imamura M, Hayes CN, Zhang Y, et al. (2013) Combination 
therapies with NS5A, NS3 and NS5B inhibitors on different genotypes of 
hepatitis C virus in human hepatocyte chimeric mice. Gut 62: 1055-1061. 

6 1 . Sulkowski MS, Kang M, Matining R, Wyles D, Johnson VA, et al. (20 1 4) Safety 
and antiviral activity of the HCV entry inhibitor TFX5061 in treatment-naive 
HCV-infccted adults: a randomized, double-blind, phase lb study. J Infect Dis 
209: 658-667. 

62. Tarr AW, Lafaye P, Meredith L, Damier-Piollc L, Urbanowicz RA, et al. (2013) 
An alpaca nanobody inhibits hepatitis G virus entry and ccll-to-ccll transmission. 
Hepatology 58: 932-939. 



PLOS Pathogens | www.plospathogens.org 



14 



May 2014 | Volume 10 | Issue 5 | e1004128 



HCV Cell-Cell Transmission and Resistance 



63. Nathan C (2012) Fresh approaches to anti-infective therapies. Sci Transl Med 4: 64. Fofana I, Jilg N, Chung RT, Baumert TF (2014) Entry inhibitors and future 

140srl42. treatment of hepatitis C. Antiviral Res 104: 136-142. 



PLOS Pathogens | www.plospathogens.org 15 May 2014 | Volume 10 | Issue 5 | e1 0041 28 



